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FOREWORD

This technical summary report was prepared by the Rescarch Department of the Allison Pivi-
sion of General Motors Corporation.  The work reported was accomphished under Contract
Nonr-4104(00).

The program was sponsored by the Advanced Research and Project Agency through the Power
Branch of the Office of Naval Research under the direction of Dr. J. Huth of ARPA and Mr
J A Satkowsk: of ONR.
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R. O. Whitaker
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I, INTRODUCTION

This fourth Quarterly Technical Summary Report describes the progress made an the period
1 #ebruary through 30 April During this period MPD simulation runs and cesiom runs

were made.

A considerable mmount of data was collected 1t was possible to plot a 1-V characteristic
f the generator directly with an x-y plotter, this s the first direct -\ curve ever taken
from a closed ioop MPD power generator  iven if we are not sure that we understand all
data obtained, we feel that the resuits are encouraging and a moderate optinusm toward

the success of closed loop MPD power generation as reasonable
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11. RESUME OF PROGRESS
CONSTRUCTION OF CLOSED LOOP DLEVICE
The necessary changes resulting from the uxperience of the cesium runs previously reported
were made during this report period.  The cesium injection system was rebuilt so that the
cesium flow can be observed and measured through a sight glass.
The cesium-separation svstem was also improved.
TEST RUNS
A large number of MHD-simulation test runs were made.  To do this, the necessary con-
ductivity was created by a high voltage, high frequency discharge with a powerinput less
l than one watt. The so-created conductivity was one mho/m, at about 600°K, using helium
as working fluid without any seed. Some valuable information was obtained, especially
on the influence of external heating of the electrodes on the power output

Several cesium runs wese made at 1400 and at 1700°K.  The system operated at these

temperatures for several hours without any damage. The data obtained were consistent
' and reproducible.  They are discussed in detail in Section 1I1. Runs at higher temperatures

are planned for the near future.
TUHEORETICAL INVESTIGATIONS

lonization i Nomisothermal ’lasmas

lomzation cquations were d srived for two-temperature plasmas, when the distribution of
| the mtrinsie atomie states 1s determined by electron collisions and atomue partcle col-
lisions, respectively  The approximations wvolved in applyving the Saha equation to non-

cquihibrium plasmas are discussced in Section V.

Preliminary investigations have been started toward a theory deseribmg the onization

in plasmas with strong electrie ficlds varying with time.



Nonequilibrium Processes

A theory describing the establishment of the nonequilibrium in a reacting plasma flow
with transverse magnetic field was developed. 1t is concerned, in particular, with the
reactive relaxation, the buildup of the nonequilibrium between the mean mass velocities
of the components, and the intercomponent thermal nonequilibrium. The importance

relative to the present MPD converter experiment is discussed in Section 1V,

N,
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111, TEST RESULTS
ALPD SIMULATION

The investigations reported in this section were originally nitiated to get prehiminary in-
formation on auxiliary ionization. Because this kind of ionization turned out to be a very
convenient way to simulate the condition of Cs sceded He plasma, the setup was used

mainly for this purpose.

1t 1s very difficult torun a cesium-sceded system at high temperatures for extended time
periods; therefore, the MPD simulation system was used to check the instrumentation.
This simulation system provided a conducting helium gas at moderate temperatures without

using cesium seeding.

The clectrode setup which was used is shown in Figure 1. One plate electrode and one pin
electrode, similar to those shown in Figure 7 of EDR 3743 (Third Quarterly Technical
Summary Report) were used. The plate was grounded. A pulsed d-c voltage (22 kv. 18 kc)
with a power input less than one watt, was applied to the pins of the first row. This created
a visible spark between the first pin and the plate electrode. Also, when the helium gas 1s

Voltage recorder

- 22KV
ﬂ LA10n D
Load
Alumina insulator J Switch board resistor
Gas flow U U u U U U
0\

10
(—_—_D \[/ u._— Thermocoupie 08
\ Electrodes +0,2v

High voltage i
dlz.('har;,e;k ( \ el ground;piate Gas \ A ; Electron
il .'—"\—<_<' = cloud
Alumina insulator J flow |\ & ¥ Y 1
. S
Schematic of electrode assembly Circuit diagram

Figure 1, MPD power simulation setup.
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G neratest voltave

Allison

flowing. a feeble glow fills the entire interelectrode space. Under these conditions, the
conductivity is of the order of one mho/m at 600°K, which is the same order of magnitude
as the conductivity which can be expected from thermal ionization at 1800°K when 1%

cesium sceding is used.

The MPD-simulation system can be run for days without damaging the electrode or de-
vitrifying the windows, thus allowing complete checkout of all conductivity, spectroscopic,
and other instrumentation.

A power output can be drawn from the pins downstream when the magnetic field is applied.
Generated voltage at 1000-ohm load is plotted vs velocity in Figure 2. Figure 3 shows the
generated voltage measured on one pin, using a 1000-ohm load resistance. The generated
voltage seems to be proportional to the magnetic field. The velocity has a greater influence
on generated voltage than the first power of velocity as shown in Figure 2.

14 1.4
1.3 R anll sec LI
[ o tun, 13 Aprii 1964 1.2
i Legend
Load 1000 ohms e 13.000 gauss
[P o Lip O 12,000 gauss
o 11,000 gauss
| 4 10 090 gauss
. . RO i S O 8,000 causs
- 1
9 __.-"# o 2 o9 |
L H
+ o - I oaf
/” 5
1 - ’ 3 01f
- i T
o ___.-” "’f# 3 o6
"’ ‘- ;::
- - L 4l i 2 o5k
-
’f” -
] I - 0.4
L
#
. 3 ”_.-" ' | 0.3
/". I
H = /,' ,.-"'" 0.2p
s ’f’ ’,” a1
’/ ’/
i WL, Ll ! 1 L ° i 1 1 1
il 4,000 G, 000 B, 000 10, 000 12,000 14,000 ) 200 400 U0 800 1000
Magnetse field—puss Velocity—m sec
Figure 2. Generated voltage at 1000-ohm Figure 3. Generator voltage at 1000-ohm
load versus velocity. load versus magnetic field.
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In addition to 1ts usefulness during instrumentation checkout, the NIPD-simulation system
also provides information relative to the problems associated with AIPD power generation.
A typical voltage recording 1s shown in Figure 4. As soon as the high voltage discharge

is established, a small output voltage can b

measured. This is called the “intrmsic” out- Generated voltage—volts
put.  When applying the magnetic field in the :: zl Jl 0 i 2 3
positive direction (to augment the intrinsic [ [;.\u-inglc Output ,_‘
output), power outpuls, as shown in Figures ——d .'ﬁ. L | —

2 and 3, are obtained. When the magnetic

field 1s reversed, the best result which can -10,000 gauss H

be achieved is the reduction of the intrinsic

“-8000 gauss Y -
output voltage to zero. A negative output !

|
voltage was not observed in this case. : it ‘s I,' ——

] b magnetic fleld
reversed |
I

One possible explanation of the aforemen- |

tioned behavior is as follows,  Referring to . - =

Figure 3, the pas flow blows clectrons down-

stream from the spark, By diffusion, some ’;12,"500 gaussl_ orie ey R
i

of these clectrons arrive at the collection

-

. ) . _ —1
pin: many more arrive at the basce plate. }-12,000 gauss ! i
The latter flow back to the cathode spot i a 4 ! T B et L
- { ¥
short loop.  The electrons at the coltlection .11, 000 gauss!
L s |
pin, once capturved by the pin, cannot escape | l | ‘
. s v hi Loy . . ' .
because of the high work function of the pin i.1()'()(,)0 gauss !
material. These return to the base plate i |
Ly flowing through the external circmt, This i-+8000 gauss " S
flow constitutes the intrmsic’ output of the l }
i

device. | zero voltage

i-—___i. e s ]._._.-_
R s v 7 0

When a magnetic field is applied which urges

the electrons flowing with the gas stream to i Intrinsic| Output :
move upward and toward the pins, the output L | i

1 1 ] r- .f...l..r_"-j._‘._t.J
power is augmented. When the field is re- 3 21 0 1 2 3

versed, the electrons are urged downward and Generated voltage—volts

Figure 4. Typical voltage recording.



away from the pins, Thus, the few clectrons which would have arrived by diffusion at the
collection pin are instead driven away and toward the plate.  The output current is reduced
1o zero because the relatively small indud ed electiie field cannot, of course, cause
clectrons in the pin to overcome the work function and escape. Conscquently, no reverse

current develops and the voltage curves of Figures 2 and 3 drop to zero but go no further

fFigure 3 makes it even more cleat that clectrons are emitted from the plate into the gas
stream,  Pigure 3 shows the traces of the cathode spot of the auxihary discharge after
several hours of runnimg tume.  The discharge 15 focated on the feft siwde of the picture near
the two strong spots.  In tie tme between two pulses the cathode spot is blown downstream,

as indicated by the traves,

Figure 5. Traces of cathode spot on base plate.
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To check the explanation given for the fact that no crossing of the zero Line could be ob-

served when reversmg the maguetic Geld, arrangements were made to heat the pins.

When heated to a sufficient ugh temperature . the pm should be able to et enough clectrons
o show a reversed current.  Figure 6 shows the result of such a run witle the pin heated

1o 1300°K.  The Deld strength of 13, 000 gauss makes the output voltage slightly negative,
When heating up to a lugher temperature (1620°K) ths effect 15 more pronounced, A

tvpical recording of a run with pins at 1620°K s shown m Figure 7.

The emitung area of a pin is very small (diameter less than one mm). Therefore, it
seemed worthwhile to find out how a substantial increase of the emitung area (1:500)
would affect the output voltage in the negative direction (output voltage 1s adverse to m-

trinsic voltage).

Magnet current {amp)

Figure 6. Recordings of voltage
output with pins heated to 1500°K—

1000-ohm load resistor.
Magnel currenl (amp)

Magnet currenl (amp)

Generaled Vollage-—volls
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Magnet
current

(amp)
185

180

135

current -
(amp)|

135
Figure 7. Recordings of voltage 100}
output with pins heated to 1620°K— 30
1000-ohm load resistor. ]

H I N S RSN il

: |
I | |
3 210 1 2 3
Generated voltage—volts

P ettt S

The pins in Figure b were replaced by a plate so that two plate clectrodes were in the
system. I addition to the plate one pin was uscd which served as anode for the high vol-
tage discharge.  This plate was heated by the workimg fluid up to 1250°K. The results

of such a run 1s shown in Figuoe 8. The zero hine was cros: ed when the magnetic field

was such that output voltage and intrimsic voltage were adverse to cach other.

Other vatuable wformation on the behavior of the MPD test section can be derived from

recordings of the type shown i Frgure 9.

The setup used to obtain data shown i Figure o consists of a ground plate and a set of pins
as shown 1 Figure 1. Recordings of the output of one pin are shown for four different gas
temperatures (600, 850, 1000, and 1100°K), One fact, derived from Figure 9 is very
significant — both output voltage and intrinsic voltage decrease with increasing tempera-

ture,

-
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Generated voltage—volts

0.8 0.6 0.4 0.2 0 0.2 0.4
I - | b

| | T+

i 1 | 0 voltage line

Magnet ::.rrnr: I [ |——- Intrinsic voltage
mps . '

. PO 4 _J,"'_‘ l r I
1221 P | | | |
e 0

e o

.
!
|
i
I,. " ! \ Magnet current
I ' {(amps)
| I
L
I

e — — -~

Figure 8. Recording of voltage output with plate electrodes heated by the gas to
1250°'K— 5000-ohm load resistor.



The explanation is that the ceramic block which supports the pins becomes a conductor and
forms u lead to ground for the output voltage as well as for the intrinsic voltage.  For the
sake of demonstration, the pin nearest to the metal strueture which 1s connected to ground
was chosen. The resistance of the eceramic has to be considered parallel to the external
load resistance, which was 1000 ohms.  That means the conducuvity of the ceramie as
quite considerable, and one must be cognizant of this fact when designing a NP power

generator,

In the present setup, only a minor change of design was necessary to account for this con-
ductivity of the ceramice.  The ceramic block was mounted differently, so that 1t is no

longer in contact with the gas stream. PPins or plates used as electrodes had to be longer.

The present load due to conductivaty of the ceramic 18 20, 000 ohms. This is satisfactory
for most of the measurenients.  Stll the measurement of the open circuit voltage is not

possible.
CESIUM RUNS

Cesium runs were made at two different temperature levels, 1400 and 1720°K.  Based on
the experience with the MHD-simulation systein, three types of electrode configuration

were prepared for the runs:

® One pair of plates
® Scgmented electrodes with five segments cach

® P’in arrangement as described previously

At the prescnt time, the runs with plate clectrodes can be regarded as completed for the
temperature levels of 1400 and 1720°K. 1t is anticipated that one more run with plate
clectrodes at 2000°K will be made at a later time.  llowever, the main interest for closed
loop MIHD generator is definitely at a temperature level of about 1500°K. Therefore, it
1s desirable to make more runs first with segmented electrodes and pin electrodes at
temperatures between 1400 and 1700°K. At the present time the system is being equipped
with scgmented eleetrodes.  Minor changes in the support design of the clectrode were
made to aceount for the high conductivity of the ceramic material at these temperatures.
The runs were made with a static pressure around 1.3 atmosphere in the test section. It
15 obvious that one could get better conductivities at much lower pressures for this small

power output. However, it is believed the information on MHD power gencration at
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atmospheric pressure and higher is mueh more valuable from a power density standpoint.
Therefore. runs at lower pressure level will be delaved until the present tests are

fimshed.

Typical results from eesium runs with plate clectrodes are discussed in the following para-
graphs; no attempt has been made to explain these data at this time. An cxplanation will be

presented when more data become available.

RUNS WITH VARIABLLE MAGNETIC FIELDS

Figurce 10 shows a typical output for a cesium run at 1400°K on a load resistor of 100 ohms
using a sceding ratio of 2%. The time scale 1s 30 see/in.  After establishing the cesium
flow, the magnetic ficld was switched on and current manually increased to the desired
level, where it was held for a few scconds and brought back down slowly. Therefore, the
shape of the recorded output curve 1s arbitrary as far as the slope of the curves is con-
cerned. The motor generator for the magnet is wired in such a way that it is possible,
when deercasing the magnetie field, to go to shightly negative voltages and thus reverse
the field slightly. The effeet of this can be seen on the recording, Figure 10, where small
peaks in the negative direction appear. The recording also shows an intrinsic voltage of
0.1 volt. There was, of course, no high voltage discharge used for these runs; the in-
trinsic voltage is, in this case, a pick up from the heater due to the conductivity of the gas.

This was observed before and reported in the third quarterly report.

Figure 11 represents a plot of output voltage versus magnetic ficld for the same run. A
proportional increase of the voltage with the magnetie field can only be expected for small
load factors; however, the observed saturation should not appear — at least not at such
low magnetic ficlds, As indicated before, no attempt will be made to explain this until

additional data has been obtained.

RUNS WITH VARIABLLE LOAD RESISTOR

FFigure 12 shows a run at 1400°K and 8000 gauss magnctic ficld where the load resistance
was varied. This was one of the first runs and was not a very good once; the results of this
run are shown only to 1ndicate the fluctuation in output which were causced by fluctuations in
cesium flow. The output follows instantancously the fluctuations in the cesium flow which
should make it feasible to generate a-c current by pulsed injection. More runs are

scheduled at a later time to measure the relaxation times for pulsed injection,

AN
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Run No, 5,1t May 1964

Load Resistance— 100 chma :
Mass Flow—5.2 gm sec ¥ i—p— | raer

Hieater Power—17 kw

Magnet currenl (amp) <

Migure 13 05 an E-V ¢
crical values usced are

1s shown m Figure 1

Generated vollage —volts
-] e aa o8 am 1.8

-'.—_"‘——l-—
[ -
-
L =_if | IS

Figure 10. Cesium run with differcat
maguetic fields—100-ohm load resistor.

e
|
—‘ — ntrinsic vollage

rve derived trom duata of a run at 14U0°K, 10, 000 gauss,  The num-
Bisted in Table 1. Tlee power output versus load for the sante run

After the scedig techmgque was improved, it became possible to

Plot 1=V curves directly with an x-y plotter when rannmg the experiment.

luble ]

Data from a Typcal Run (190 Sceding, 10, 000-guuss Magneue Freld)

i . e e Power
Yol (i) A AN < Rt (x 107 waw)

0,18 3.6 Bl 6.5

U, 24 2.4 100 57
0,35 1.75 200 6.1
0,47 0, 94 500 4.4

1), 54 0, 54 1004 2,9

0. 64 (.32 2000 2.0
0,68 0, 136 5000 0. 92

16




Figure 11, Voltage output of run shown in Figure
10 versus applied magnetic field.

Generated voltage —volts

1
I
i

s Magnetic field reversed

400 | |
- T - ll— m e pht Ay e RamS | u--—-i
i 100 | | |
| | « - 1 | ll !
J 1
T 4 i I C— - o -
= |
3

h:l.n.:d r.rl:ll-.lan.rl (okims) .
| y I
R e

R, IR i

Figure 12, Cesium run with constant magnetic field
and varying load resistors.

| )

i

S




Allison
4
|
\° |
1
|
| I
3 ! ¢ :
| .
] !
] 1
|
% J {
£ 2 T \ T
E | o {
{ | !
‘ \‘ T 1
l , | l
|
1 t l t :
| - b\
' |
| \ |
! = o ]
| | | \\\j
o
0 | L i
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
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Figure 13. -V curve of generator for 1400°K gas temperature.
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wWatts x 104

0 A A . <

50 100 200 500 1000 2000 5000 10. 000

Ohms

Figure 14. Power output versus load resistance for run in Figure 13.

Two of the -V curves obtained are shova in IPigure 15, All plots were straight lines with
superimposed fluctuations. These results seem to be in disagreement with Figure 13
which shows an 1-V curve which is not a straight line. The difference between the runs of
Figure 13 and Figure 15 1s that they are made at different temperatures.  The run of

Figure 13 was made at 1400°K while the run of Figure 15 was made at 1720°K.

The difference between the two curves in Figure 15 1s caused by different cesium mass

flows. (1" and 2% secding ratio).

Another tvpe of information is given i Figure 16, Curve 1 with the large fluctuation was
taken at an extremely low cesiun mass flow, while curve Howith the small fluctuations
was taken with an extremely high cesium mass flow. Curves | and [1 were taken with the

same magnetic field; bowever. the direction was reversed between curve 1 and 11

19
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T R R
Heater Power—27 kw E 142
Mass Flow—5, 2 gm/sec.

1.5

1.0

Current x 104 amp

0.5

e
|
0.15 0.1 0.05

Generated voltage—volts

Figure 15. Directly plotted I-V curves for 1720 K gas temperature.

As an aud m understanding this, Figure 17 gives the expected conductivity for different
seeding ratios. A small change e cesium mass flow will cause a large change in
power output when the seoding ratio 15 < 17 (steep part of the curve in Figure 17) while
1 will cause only small fluctuation when the seeding ratio is > 1% (flat part of the curve

i Figuve 17),

20
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IV. THEORETICAL INVESTIGATIONS

lonization In Nonisothermal Plasma

In general, it is assumed that an elevated electron temperature considerably increases
the degree of ionization in plasma. To investigate the effect of nonisothermic conditions
on ionization, assume that approximate local statistical equilibrium is established in the
center of mass s_\'sltgm of the single plasma components. From the condition of minimum

entropy production , it results for the stationary ionization state:
Tx T
= v - T (RY)

The terms on the left side of Equation (1) arc associated with the chemical entropy pro-
duction, the terms on the right side with the thermal entropy production in the plasma.

According to the reaction equation,
a&s i+e (2)

the stoichiometric coefficients are: v, = 1, v = 1, v, = -1, For negligible interaction

energy compared to the total energy of the particles in the single components, the chem-

ical potentials can be derived in the semiclassical approximation as:

i \ 32
by ¢ kT, ‘ln (-r m;.kT;) U in Il‘l} (3)
he
2 mijk Ty 32 21
B = -kTgy §{ln ___I.-?_ nj + ln 1y . and (4)
i

“Superscripts denote references listed in Section Vi
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27 m k TN3/? -
By = -kTo In ( 2‘1 0) nal +InU, §. (5)
h

Note that the individual temperature of the components enters in the translational part of
the potentials.  The temperatures of the heavy particles, T and Ty have been set equal
to a mean gas temperature, To. Ue = 2 designates the partition function of the electron

spin states. The absolute partition function, Ug, of the atoms and ions, respectively, is

related to the excitational partition function, ug, by (s = 1. a):

sl T —e gk T

a
Uy = e s (Th ug(T) = 20 B ©
a =

n

(6}

where €4 15 the energy of the particle in ground state (1‘5‘ = excitation encrgy. g: =
statistical weight of the a-th state}. Obviously, T must be identified with the clectron
temperature, Te . or the gas temperature, To. according to the spectrum of the intrinsic
states of the atomic particles is determined by electron collisions or atomic particle

collisions,

By inscrung Lquations (3) through (5) into Liquation (1), a relation is readily obtained

giving the ionizational composition of the plasma. The results are in the cases

@ Distribution of states according to the clectron temperature

3/2 i

e Ny 3 27 mgk Te / ui (Ted - (% - £ /k Te 9295/k'1‘5 (7

n, E h2 u, (Te) ¢ tE B

@ Distribution of states according to the gas temperature
L\ 3/2 ’

ne 0 , (27 mek T u (T - (& - £ /k T +9,85/kTg .
—_— c .

n, h2 uy (Tg) ¢ R
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In thermodynamic oquilxbrium,zoslkTs -0 andT, = Tgy. lquations (7 and 8) become
S

identical with the Eggert-Saha quation.

1t 1s recognized that the tonizational composition in a nonisothermal plasma deviates con-
siderably from that 1n an isothermal plasma when the distribution of the absolute intrinsic
particle states is determined by the electron temperature, Equation (7). Under conditions
of applicability of Fquation (8), i.e.. at low clectron densities, the nonisothermia affects
the jonization relatively isignificantly. It 1s also noticeable that he thermal nonequili-

brium processecs enter exponentially, indicating clearly that neglecting them 18 admittable

only at shight nonequilibrium,

In this presentation, the thermal nonequilibrium processes are considered only formally
via the expressionz 05/kTg. For idealized models of nonequilibrium plasmas, these

s
thermal nonequilibrium effects on the lonizauon have been calculated explicitely and will

be published soon.
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Build-up Of Nonequilibrium
In A
Reacting Plasma Flow With Transverse Magnetic Field

The expansion of a plasma into a region with exterior forcefields is accompanied by both
microscopic and macroscopic nonequilibrium processes. These concern the transformation
and redistribution of the velocity distributions in the components and the establishment of
intercomponent nonequilibrium, respectively.  The latter is the subject of the present
investigation, The selected theoretical model assumes a slightly ionized plasma flowing
into a channel with a transverse magnetic force field and segmented clectrodes connected
by a Faraday load. The plasma consists of the products of a reacting seeding gas—later
referred to by the indices (a) for neutrals, (i) for ions, and (e} for clectrons—and a non-
reacting driving gas (o). In particular, attention is given to the buildup of the intercom-
ponent thermal nonequilibrium. The investigations are based on the multicomponent field
equations of reactizng plasmas which were derived from the kinetic equations in the Third

Quarterly Report.

REACTIVE RELAXATION

Comparison of the various inclastic collision processes in seeded plasmas at low tempera-
tures shows that the dominant reaction mechanisms are electron collision ionization and

three-body electron-ion-electron recombination. As confined to these types of reactions,

the reaction equation is:
etas itete (9)

With I'* as ionization reaction velocity, and T™ as recombination reaction velocity, the

reactive mass production in the s-compouent becomes:

d ng mg reactive 4 rs reactive . . ]
dt =ms D dtd(r, p) cdvg = vgmg (1T - 1) (10
(r, p) '
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For the electron component s = e: {r, p) = {a, —), (i, ¢); and appropriately for the remaining
components. The symbol vg {s = e, i, a, o) designates the stolchiometrie coefficients of the
reaction, Equation (9}, as follows:

v =,2-1=¢1,vi=vl,v =-l.v°!0.

e an
The total reaction veloeity, T' s given in terms of the (eleetron collision) lonization

i .
probability coefficient,” Sggy, and the {(three-body electron-ion-electron) recombination

- " 2 i
probability coufficient,® Rgje. by

+ - 2 ~ . Q
rsr* -r” = nyn, S '"i"c“olo;bca'bea(’rc) Rpie * R

ca cic eie (Te) 12)
Under the assumption that the statistical distribution of the internal atomic and ionic
states 1s determined by the electron temperature, the reaction probability cocfficients

thus defined are functions of the eleetron temperature alone.

l:quation (10) together with Liquations (11-12), deseribes the reactive relaxation phenomena

in the components.  The substantial derivative is defined by
—5
T = 3 + \’S .9 . (g : 0 (13)

1t follows —in orders of magnitude —for the characteristc length, in direction of the

channel axis, after which:
® The density of the charged particles s changed by a factor ot! [5ign according to the
A ] s
s1gn of: Ve o Ny Sea - Ne M Rerel).

Vaus

rfactive = = i
l;"“" , S=¢,i

ng Sea - Ne Nj Reje ()
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tl
@ The atom density is changed by a factor e [sign according to the sign of:

vy (n S -n nR
a a ea ¢ i cwe

v||8
(13)

reactive (na )
= .
(

Ne ny Sea-ne ni Reie)

a

In particular, the characteristic lengths for the single processes are:

v
ionlzation . s «
's - Ny Seq’ L (16)
; v
1xs'ct‘ombmation - us R (i
| ne nj Reje
1ionization - _"_a_ Vua
a neJ ng Sea (18)
1x'ccombination _[Pa Via
i ne/ ne ni Reje (19)

The ¥,g designate the mean mass velocity of the components (s) parallel to the channel
j reactive .
e,i

ax1s. From kquation (14),

it may be scen that in reaction cquilibrium,
This means that the density of the charged particles changes remarkabl

y within a finite

length only in the case of strong reaction nonequilibrium.
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TRANSVERSE ELECTRON DRIFT

As an experimental arrangement, consider a plasma {lowing into a channel with an active
section containing a transverse magnetic ficld and segmented electrodes.  The clectrodes
are connected by a Faraday load Ry , thewr spacing in the transverse direction is des-

1gnated by L) .

In the magnetoactive section of this channel, an intercomponent velocity nonequilibrium
which 1s primarily determined by the clectromagnetic forces and intercomponent friction
forces 1s built up,  According to the cquations of momentum conso:‘rv:nion,2 this process

between two arbitrary components {s) and (r) is described by

Vg T Vg - vp ¢ Vp =
8 J2 np Qsr = = ng Qrs =
3 V= Z Mg Bsr k Tgp (Vg = vr) - m,  Y¥rs k Trs (Ve - Vs
ris str
cs f[—= = - SPs e oo = = TPr
L3RR -——) - \E+Vr¥B- . )
mg s ng €g mp np ¢p (20)

According :;n the applying law of collisional interaction, Q  designates the Ramsauer or
sr

Gvosdover  cross section.  The reduced mass and temperature are defined by

my my
- and Ty M —_— - -
ng ¢+ mp sr S\ mg mp (2h

L

In the further analysis. the magnetic ficld of the plasma currents 1s considered o be
e B —
small compared to the CxXterior transversye magnetic fiekld, Bo(B¥Bg) |, und veloeity

gradicms perpendicular to the channel arce neglected,

For the considered arrangement, no net Hall-effeet exists in the plasma At relatively

. i fields 1 -1
small magnetic fields, w, 70 X wj 73 << 1 (wg = |c5| B/mg, Ts = & Tsr)
r

30

=\



J

also, ion slip is negligible. In the direction parallel to the channel axis, accordingly, the
eleetron and ion veloeity can be taken as cqual to the gas veloeity: Viei® Vva ® Vio (mean
*

downstream mass veloeity),

A veloeity nonequilibrium s built up in the transverse direction, where under the given
conditions  Yj<<Vj,  For the latter reason. only the buildup of the transverse clectron
drift will be mvestigated in detil. According to i:quation (20), this process is described

by ﬁfue is replaced by ._;’"o):

3
_ 9Vie leel (2 .5 5 , ¥Pie
Vo Ty x " Thme E ¢+ Vio X Bo * ne |c|

8 ‘/ 2 nr Qer ‘/ ne Qoe S,
A R Z e Berk Ter + —— VYPock Toe Vie: (22)

r=o,a,i o

n

Ne Me
Negleeting terms relatively small of order mplmr fe o and the x-dependence
ng Mo
of coefficients varying relatively insignificantly in iquation (22), the soluuon 1s 1 first

approximation:
= leel = VPhie\ ‘1
- -x/1 = e = — -x/1 ,
Ve * (:‘)Le)x=0 erxlly- me E + Vo X By * ne |ec| ) Tuo 1- e x|, (23)

where the reciprocal echaraeteristie relaxation length of the prouess,

-1 =§ 2k Te | Z n.Qep V.:ol . (24)

The finite noncquilibrium state is obtained as the himit x-» = of {iquation (23).

e vp
= o [eel (Ef? <B_+ _ﬁ_) 1wl (25)
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The clectric ficld, El . is impressed by the transverse load Rl . of voltage drop. U}

Fl s - Ul Il4|

IFrom Equation (23), which describes. in rough approximation, the considered process,

the following conclusions are reached:

@ An arbitrary imtial nonequmihibrium, ( ?lc ) o' would be removed with a relaxation

length, 13 . by intercomponent friction forces

@ !u the magnetoactive section of the channel, a nonequilibrium, vl.c #0 . 1s built up
which 15 proportional to the effective field El .2 xB +2’Jﬁ'_ acting on the
"0 (o] ne l ec|
clectron component, and shows the x-dependenee of a frrictional relaxation process
of characteristic length I, Practieally, after a few relaxation lengths, 1, a finite

nonequilibrium state is reached (formally designated by a subscripte),

A more sophisticated theory of the build up of the clectron drift must be based on a

microscopic approach.
INTERCOMPONENT THERMAL NONEQUILIBRIUM

The thermal equihbrium between the etectron component and the neutral and ionic com-
ponents is strongly disturbed, as the encrgy exchange in elastic collisions hetween electrons
and the heavy atomic particles 1s small. The energy which the electrons acquire in the
effective induced clectric fiekt of the plasma is, therefore, primarity distributed among

the electrons proper, resulting in an elevated electron temperature (¢lectron heating).

In the temperature region, where radiation losses are ummportant, the effect is limited

by nonradative, reactive colhisions,

In the considercd reaction mechanisms, the tonization energy 1s taken primarily {rom the
clectron component, the recombination energy is fed primarily into the clectron component.
Furthermore. with every transformed s-particlke, the energy 0k T is liberated in the

s 5

mean, Consequently, the reactive variation of energy. AE , of the 5.-particlcs is:
8

3 3. . i 3
AE. = vg [‘n'ak'f‘o]' AE; = - w3 kTj. AEg = - vajkTa, aEg: 0. (26)
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According to the definition of reaction velocities, it follows for the reactive energy pro-

duction in the s-component:

reactive reactive

dn, E_ Z
__b_i i, z - T 29
Tt Eg dt . dvg AEg (17 -T), 27

(r.p) (r.p)

The equation, which describes the buildup of the thermal nonequilibrium between the com-

ponents (s) and (r) foliows from the energy conservation equations  of these components.
Considering the reactive cnergy production and the power of the intercomponent friction
forces as the main energy sources, and the intercomponent convective energy exchange
(proportional to the temperature difference between the components) as the main anter-

component cnergy distribution mechanism, the result is (8gy = Kronecker symbol):

3 o = 8es Seor .
3k Vg TTg-Vp+ Tr|[ T- “n s, T T r* -
n. Qgr Z n, Q.o
- 8( Z . m Hgp k Tgp k(Tg - Ty) - e ‘h‘rs k Tpg k (Tp - Tg)
s r sir Mrt Mg
3/2 3/2
8 [2 n.Qgr Hgr = =.,2 E ng Qg Hrs @. -T2
3 V7 -— T%T k Tg (Vg - V)7 - —_— k Tp & -vg)7|.
l'f S ms sr s# I mr rs

Compared to the relative thermal noncquilibrium of the electron component, the thermal
nonequilibrium between the heavy particles is neghigible (T T To T~ Ty). By con-
sideration of the relative order of magnitude of the mean mass velocities of the compon-
ents, Egquation (28), for the change of the thermal nonequilibrium between the electron

and driving gas component in the axial direction,gives:

_ 3 MTe - Tol ~ .
Vio @ k( % T - ey |0y Sea - ne N Reje

2 z n. Qer n Qoo ‘[—_—
-86 . Mo f mp wtm.k’l‘m. * Tho ¥ mg Boe k Toe| k (Te

r=o,a, i
3/2 3/2
N 8. [2 E : n Qor Hor kT, e Qoe  Hoe kT |32
—_ = e o I o
3 ¥n peidy mc. ‘/E oo mg VR Toe

(28)

(29)

N,



As will be verified by the result, the thermal nonequilibrium builds up with a rclaxation
length 17 whichis large compared to the relaxation length 1, . Equation (24) . of the
buildup of the clectron drift velocity. In the region above the current buildup, x Z-, 2-11 .
thercfore, the frictional heat source can be regarded as varying relatively insignificantly.
Under consideration of these circumstances, Equation (29) can be integrated to give in

first approximation:

g8 {2kT = l'I‘ "
’[3 T Z nr Qer * me V12 - (na Sea - Me Ni Reie) - '"]%— veexhi)

* m

¢ reo,a.i no

(30)
where the reciprocal characteristic relaxation length of the process,
2k T m

-1 = .l—6 S . ___c . s-1 1

17 Ve P e PrQer t Yo 31
r=o,a,i
n,m T

Terms, relatively small of order mc/mr{c and hy ™, Te have been neglected.  The finite

nonequilibrium state follows as the limit x = o of kquation (30)

2kT 3
3 ” 18 e 2 3 0]
3 kiTe - Tole = | 3 7 me : 2: Np Qer © Me Vae -~ (n, Sea - ne nj Rejeln 5:; .

r=o0,a,li
(32)

When the reactive terms are omitted, LZquation (32) becomes, in principle, identical
»

with the relation given by Finkelnburg.

Equations {30 through 32) lead to the following conclusions:
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An arbirrary imtal temperature nonequihbrium, (T - T) { 0 would be re-
e 0O X=0
moved due to thermal energy transfer between the components according to a re-
laxation process of characterisue fength bp . This thermal relaxation length, lp
nm m
15 of the order Z rn Q |/ Z n Q ) larger than the retaxation
™. boer roer =
rfe e rfe c

length, 1) . of the velocity nonequihibrium.

After the buikdup of the electron diift velocity, which because of 1] << Iy . has been
considered to occur here within a relatively negligible length, a thermal nonequili-
brium. (T = T ) f 0, 15 built up due to the power liberated by the mtercomponent
¢ o n m
fricton forces and reactions un the clectron componentf ¢ ¢ o << 1) This
n m T

o o ¢ .
process shows the x-dependence of a retaxation of characteristic length Ly . The
finite nonequilibrium s proportional to the total power liberated in the efectron

component and the “electron heating lengh” 1p

For further discussion, define a reactive relaxation length, 1", which characterizes the
reactive change of the electron density and which is positive or negative depending on
whether the tonization reaction velocity is larger or smaller than the recombination
reaction velocity, by:

ll. = Gno (33)
n, Sea - Ne 0 Reie '

!
By means of the relaxation tengths ll o and I from Equations (24), (3B, and (33).

Equation (32) can be rewritten in the form:-

3 . 1 = 2
Tzk“c'To)m"z'mc"Lc' 2- <+ '7 C T (349



Allison

It is recognized that the reactive energy production in the state of reactive nonequilibrium
produces an elevation or depression of the int¢rcomponent thermal nonequilibrium,

r
according to whether the reactive relaxation 1 is negative or positive. It is under the

conditions:
1 2
1 Me Vie
Lo, 2 (Te - Tgly 20 33)
Ir @
2
1 _;.me Vie
_‘L_ 2 2 : (Te - Tole <o (36)
] €n

In Fquations (35 and 36) consider that, in general, m vl 2 | ¢ €< 1. In reaction equli-
A c c

) . . . n . .
brium, 1 ==, of course no rcactive influence exists, as in this special case no reactive

cnergy production occurs in the plasma.
APPLICATION

The investigated nonequilibrium processes are to be observed in experiment when the
relaxation length (1) of the process is not remarkably larger than the active length

of the channel (L). As an example, consider a helium plasma flow sceded with 17 cesium
at a mean gas temperature T = 2000°K and a mcan total pressure P = 1 atmosphere.
The particle constants in this casc are:

4% 107 16em2, Q. = 3 x 107 120in2

Qu, = & x 10710 em?. Qg

m, = 6.689 X 10—24 gr, my = 2. 172 X 10722 gro-m,
m.  9.108 x 10728 4
Bascd on the equilibrium densities at the channel entrance, ng = 3.6 X l()lacm'B, n.
. 3 -3 16 -3 .
3.5 X 101 cm n, ng° 3.6 X 10" "cm 3, it follows for the order of magnitude of the

relaxation length in Fquation (31):
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- -8 - T
lp =8 X 10 8vIlo ,Fg-cm
Te
Consequently, for a mean flow velocity of ¥yo° 109 cm/sec. the characteristic length for the
butldup of the thermal nonequilibrium is of the order lT T 0.8X 10'2 cm. More accurate
values can be obtained if necessary by estimating the electron temperature in accordance

with Equation (34).

The relaxation length, lr, for the reactive change of the electron density is considerably
larger than the relaxation length of the thermal nonequilibrium. For a nonequilibrium
electron temperature T, = 3000°K ('l'o = 2000°K), there results from Equation (33):

T 10¥%,.,em

when reactive nonequilibrium with predominating tonization is assumed. For V,o = 105
cm/scc a relaxation length I¥ = 10 cm is obtained. Consequently, a nonequilibrium
ionization corresponding to the nonequilibrium clectron temperature built up in the channel
can be observed only above a length of this order of magnitude,
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V. SUMMARY IFOR THE FIRST YEAR

w4

During the past year a closed loop MPD device was designed, manufactured, and operated.

As prehiminary conclusions of this research work the following statements can be made.

AIATERIAL PROBLEMS

Alaterials are available to build a closed loop MPD device using cesium as seed material
for long-time operation. This has been shown to be true at least up to 1700°K. Such a
generator has to be designed very carefully because of the poor insulation properties of
alumina, due to high temperature, or due to deposition of impurities or cesium. However,

it has been shown that the utilization of exotic materials can be reduced to a minimum.
NONEQUILIBRIUM ION1ZATION

The overall conductivity obtained has been of the same order of magnitude as the plasma

conductivity due to thermal lonization (0.25 mho/m for 1400°K and t mho/m for 1700°K).

substantial, there is a good possibility that a higher conductivity exists than would be
cxpected due to thermal ionization. However, at the present time no quantitative informa-

l Since the overall conductivity includes losses in the boundary lavers which might be quite
' tion 15 available, this information will be obtained in the near future.
' AUXILIARY IONIZATION

Fncouraging results were obtained at low temperatures with auxiliary lonization by a
! corona discharge at atmospheric pressure The conductivity obtained was one mho/m.

A more thorough investigation of this cffect is required,

39
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